Cancer cells have epigenetic alterations that are known to drive cancer progression. The reversibility of the epigenetic posttranslational modifications on chromatin and DNA renders targeting these modifications an attractive means for cancer therapy. Cellular epigenetic status interacts with cell metabolism, and we are now beginning to understand the nature of how this interaction occurs and the biological contexts that mediate its function. Given the tremendous interest in understanding and targeting metabolic reprogramming in cancer, this nexus also provides opportunities for exploring the liabilities of cancers. This review summarizes recent developments in our understanding of the interaction of cancer metabolism and epigenetics.
Introduction
The term epigenetics has been used to describe heritable alterations of cellular phenotypes independent of mutations in the DNA sequence (Morgan et al., 2005) . Now, it is also commonly referred to as a state of chromatin and DNA involving specific posttranslational modification of histones such as acetylation, methylation, ubiquitination, phosphorylation, crotonylation, and methylation, along with other modifications to DNA and RNA that affect gene expression (Dawson and Kouzarides, 2012; Tan et al., 2011) . Changes in the epigenetic landscape have become evident in many pathophysiological conditions including cancer and diabetes (Baylin and Jones, 2011; Feinberg and Tycko, 2004; Suva et al., 2013) . Cancer epigenetics was characterized in 1983 (Feinberg and Vogelstein, 1983; Gama-Sosa et al., 1983) , when specific DNA methylation patterns of genes were found in human tumors in comparison to their normal tissue counterparts. It is now widely considered a significant contributor to cancer initiation and progression, along with genomic mutations (Sharma et al., 2010; Shen and Laird, 2013; Suva et al., 2013) . In contrast to irreversible genetic mutations, the reversible property of epigenetic modifications along with the enzymatic nature of these modifications allows for therapeutic targeting through possible reversion of the epigenetic state associated with these modifications (Mosammaparast and Shi, 2010) . To our knowledge, multiple drugs targeting epigenetic machinery have been approved by the Food and Drug Administration, in addition to a large variety of investigational compounds that are currently under avid clinical and laboratory investigation (Johnson et al., 2015; Yun et al., 2012) . Despite advances in our understanding of cancer epigenetics over the past twenty years, what directly determines epigenetic status remains largely elusive. Recently, it has been proposed that metabolism interacts with epigenetic machinery (Carrer and Wellen, 2015; Gut and Verdin, 2013; Kaelin and McKnight, 2013) and that this interaction may have a substantial role in determining epigenetic state. Thus, there is an intriguing link between metabolism and epigenetics in cancer.
Metabolic reprogramming is a hallmark of cancer (Hanahan and Weinberg, 2011) with several common themes within this program that have emerged (Pavlova and Thompson, 2016) . Now, cumulative evidence has reinforced this observation and revealed many additional metabolic characteristics in cancer cells, including alterations in the metabolism of glucose, amino acids, nucleotides and lipids (Boroughs and DeBerardinis, 2015; Pavlova and Thompson, 2016; Ward and Thompson, 2012) . Furthermore, these metabolic features are heterogeneous and each cancer cell likely exhibits different metabolic features depending on its genetic, epigenetic, and environmental state.
In this review, we discuss the connection between cancer metabolism and epigenetics. We discuss metabolic pathways that can affect cellular epigenetics. We then highlight recent work on the interaction of metabolism and epigenetic modifications, focusing on methylation of DNA and histones, and acetylation of histones. In the end, we discuss the therapeutic potential of simultaneously targeting these connected processes. While this discussion due to space constraints is not comprehensive, it is our hope that it will give the reader an introduction to the key metabolic pathways known to affect epigenetics.
Serine, glycine, and one-carbon metabolism
3-Phosphoglycerate dehydrogenase (PHGDH) encodes the enzyme that diverts glycolysis for serine synthesis. Quantitative characterizations of serine synthesis and the discovery of amplifications in PHGDH have reignited considerable interest in understanding the metabolic network downstream of this enzyme. This network, collectively referred to as serine, glycine, and one-carbon (SGOC) metabolism (Fig. 1) , encompasses a complex metabolic network involving the interconnected folate and methionine cycles (Locasale, 2013) . In fact, modern cancer therapy partially arises from antagonizing folate metabolism that has been used in practice for over 60 years (Farber and Diamond, 1948; Locasale, 2013) . SGOC metabolism integrates various nutrient inputs such as vitamins, glucose and amino acids, and generates substrates for the synthesis of macromolecules such as nucleotides and lipids for the maintenance of cellular redox balance involving NADPH (nicotinamide adenine dinucleotide phosphate) and provides S-adenosyl methionine (SAM) for methylation reactions.
Numerous studies have linked dietary changes and variation in the enzymes in the SGOC network to various types of cancer, especially leukemia and lymphoma where altered methylation is a critical contributor (Friso et al., 2002; Gemmati et al., 2004; Matsuo et al., 2001; Stern et al., 2000) . For example, changes in dietary folate intake affect DNA methylation, as do genetic variants of methionine synthase (Anderson et al., 2012; Beaudin et al., 2012) . Profiling the RNA levels of metabolic enzymes in a large cohort spanning multiple human cancer types reveals that methylene THF dehydrogenase 2 in the folate cycle is one of the top three metabolic enzymes most frequently overexpressed in cancer (Nilsson et al., 2014) . In a wide range of cancers several elements of the network are highly variable, coordinately regulated, and overexpressed in certain cancer contexts (Mehrmohamadi et al., 2014) .
In addition to glycine and serine, many cancer cells may also have a methionine dependency (Cavuoto and Fenech, 2012; Hoffman, 1982) . It has recently been reported that methionine restriction alters the metabolism of cellular SAM that impacts gene expression reprogramming through histone methylation (Mentch and Locasale, 2015; . Nutritional manipulation of SAM by methionine is also physiologically sustainable in vivo . Thus, modulation of SAM levels has physiological consequences. Supporting this hypothesis, some evidence shows that alterations of enzymes in the methionine cycle are also associated with cancer. Mice lacking MAT1A develop spontaneous liver tumors (Martinez-Chantar et al., 2002) . Mice lacking glycine N-methyltransferase exhibit an accumulation of SAM in the liver and also develop hepatocellular carcinoma spontaneously (Martinez-Chantar et al., 2008) . Overexpression of NNMT (nicotinamide N-methyltransferase) is also found in a variety of cancers such as the lung, liver, kidney, bladder and colon (Roessler et al., 2005; Ulanovskaya et al., 2013) , where it might support tumor growth by diverting methyl groups away from other methylation processes (Ulanovskaya et al., 2013) .
The methionine cycle also interacts with the transsulfuration pathway and methionine salvage pathway that is involved in polyamine synthesis (Lu and Mato, 2012) . The transsulfuration pathway connects the methionine cycle to cysteine biosynthesis through Hcy. Hcy is converted to cystathionine by CBS (cystathionine β-synthase) that requires serine and vitamin B6. The resulting cystathionine is then cleaved into cysteine, the rate-limiting precursor for antioxidant GSH (glutathione) synthesis and α-ketobutyrate. In addition, CBS and cystathionase also catalyze reactions, generating hydrogen sulfide (H2S) from cysteine and Hcy (Lu and Mato, 2012) . Of interest, H2S released from the transsulfuration pathway may inhibit tumor growth (Kabil et al., 2014; Zhang et al., 2013 ).
Spermidine and spermine are two major polyamines derived from SAM. In polyamine synthesis, SAM is decarboxylated providing the supplaminopropyl groups to putrescine that is derived from arginine. The byproduct 5′-methylthioadenosine (MTA) is salvaged back for SAM generation, and the initial step is catalyzed by MTA phosphorylase (MTAP), yielding adenine and 5-methylthioribose-1-phosphate. While polyamine synthesis has been associated with cancer (Thomas and Thomas, 2003) , the connection with methionine salvage pathway is more recent. MTAP is ubiquitously expressed in normal tissues (Kryukov et al., 2016) . However, due to its proximity to the tumor suppressor gene p16/CDKN2A, MTAP homozygous deletion occurs frequently in cancers including glioblastomas, pancreatic cancers, melanomas and others (Chen et al., 1996; Karikari et al., 2005; Kryukov et al., 2016) . Recently, studies from two groups observed that MTAP-deleted cancer cells have specific vulnerabilities in their methylation reactions, notably the susceptibility to inhibition of an arginine methyltransferase PMRT5 (Fig. 2) (Kryukov et al., 2016; Mavrakis et al., 2016) .
Methylation of DNA and histones by SAM
In cancer genomes, changes in DNA methylation are profound. Within a single cancer cell genome, 2000-3000 promoters can have aberrant methylation and most are hypermethylated, which typically represses gene expression (Plass et al., 2013) . Promoter DNA methylation has been well studied. In mammals, the DNA methyl-group is typically transferred to the fifth position of cytosine within cytosine guanine (CpG) dinucleotides region that occupy 50-70% of human gene promoters (Sharma et al., 2010) . In addition to promoter hypermethylation, the cancer genome can also be marked by genome-wide hypomethylation that takes place at various genomic sequences, resulting in genomic instability (Yun et al., 2012) . Patterns of histone methylation such as methylation of lysine 27 and lysine 9 Fig. 1 . One-carbon metabolism. One-carbon metabolism is encompassed of a complex metabolic network centered by the folate and methionine cycles. Serine and glycine provide one-carbon unit to the folate cycle. The folate cycle is coupled with the methionine (Met) cycle for Met regeneration catalyzed by methionine synthase (MS). Met can also be regenerated through betaine-homocysteine (Hcy) methyltransferase (BHMT) using betaine as the onecarbon donor. Met provides the essential substrate for MATs (methionine S-adenosyltransferases), generating S-adenosylmethionine (SAM). SAM methylates a wide range of substrates DNA, RNA, lipids and proteins including histones, and generating S-adenosylhomocysteine (SAH). SAH is catalyzed by SAH hydrolase to Hcy. One-carbon metabolism also interacts with the transsulfuration pathway and the methionine salvage pathway that is coupled with the polyamine synthesis. In the transsulfuration pathway, serine is required to divert Hcy for synthesis of cystathionine, and cystathionine is then catabolized into cysteine, the limiting factor for glutathione (GSH) production. Cysteine also provides substrate for the production of taurine and hydrogen sulfide (H2S). In the Met salvage pathway, SAM is decarboxylated to provide the supplaminopropyl groups to putrescine, supporting the polyamine synthesis. The byproduct 5′-methylthioadenosine (MTA) is salvaged back for SAM generation, with the initial step is catalyzed by MTA phosphorylase (MTAP). Other abbreviations: DNMT, DNA methyltransferase; HMT, histone methyltransferase; GNMT, glycine N-methyltransferase; PEMT, phosphatidylethanolamine N-methyltransferase; NNMT, nicotinamide N-methyltransferase.
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Please cite this article in press as: Xia Gao, Michael A. Reid on histone H3 (H3K9 and H3K27) have also been documented to correlate with aberrant gene silencing in a range of cancers (Yun et al., 2012) .
One important property of DNA and histone methylation is its reversibility. DNA methylation is mediated by DNMTs (DNA methyltransferases) and reversed by several mechanisms including the removal of oxidized methylated bases by ten-eleven translocation (TET) proteins. TET proteins require Fe 2+ and alpha-ketoglutarate (αKG) as cofactors to remove the methyl groups, producing succinate (Wu and Zhang, 2014) . Similarly, histone methylation status is determined by histone methyltransferases (HMTs) and histone demethylases. While only three TET family members have been identified to date, more than twenty histone demethylases are known (Kohli and Zhang, 2013; Mosammaparast and Shi, 2010) . Histone demethylases are categorized into two families: LSD1, the flavin adenine dinucleotide-dependent oxidase, and the αKG-and Fe 2+ -dependent oxygenase, also known as JmjC-domain containing histone demethylase (JHDM) (Lu and Thompson, 2012) . Up to three methyl-moieties can be attached to each lysine or arginine residue on histones. The outcome of methylation on gene expression depends on the specific site of histone as well as its valency, with trimethylation of H3K9 and H3K27 as typical repressive marks and trimethylation of lysine 4 of histone H3 (H3K4me3) as a common active mark. We will first emphasize the interaction of metabolite SAM with the methylation of histone and DNA, and then highlight the importance of αKG in promoting both DNA and histone demethylation.
SAM provides a universal methyl-donor for a large variety of methyltransferases, including DNMTs and HMTs. Enzyme kinetics have revealed that the Michaelis constant (Km) values of many HMTs lies in the range of intracellular SAM levels (Mentch and Locasale, 2015) . Of note, many methyltransferases can be inhibited by SAH, suggesting the ratio of SAM/SAH might also be relevant to histone and DNA methylation (Mentch and Locasale, 2015) . Thus, histone and DNA methylation are affected by the levels of cellular SAM and by alterations in onecarbon metabolism that can modulate SAM levels. For example, it has been shown that H3K4 is often the most sensitive site to fluctuations of cellular SAM levels caused by nutritional availability of methionine Sadhu et al., 2013; Shiraki et al., 2014) . This is the case of lowering SAM by limited glycine input from threonine in mouse embryonic stem cells (Shyh-Chang et al., 2013) . Similarly, Caenorhabditis elegans lacking SAM synthase sams-1 shows reduction in the levels of H3K4me3, which results in an impaired response to Pseudomonas infection (Ding et al., 2015) . The relatively higher sensitivity of H3K4 methylation to cellular SAM is likely due to the relatively higher Km value of its corresponding methyltransferase. However, knockdown of SAM synthase sams-3 decreases methylation of H3K9, H3K27, and H3K36, but not H3K4me3 in embryos (Towbin et al., 2012) , suggesting during embryonic development enzymes regulating H3K4 methylation are less sensitive to cellular SAM levels than those catalyzing other methylation sites. Furthermore, DNA methylation in osteoclasts also appears to be affected by SAM levels during differentiation (Nishikawa et al., 2015) . Collectively, these data suggest hierarchy response of histone methylation to cellular fluctuation of SAM might be enzyme-dependent.
Demethylation of DNA and histones by α-ketoglutarate
In mammalian cells, αKG is produced from two different precursors: (1) from glutamate via GDH (glutamate dehydrogenase) and other transamination reactions and (2) from isocitrate via three non-redundant isocitrate dehy- drogenase (IDH) enzymes: IDH1, IDH2, and IDH3. GDH is localized to the mitochondria and is either nicotinamide adenine dinucleotide (NAD) + or NADP + dependent (Li et al., 2012) . In contrast, both IDH1 and IDH2 are NADP + dependent enzymes localized to the cytosol and mitochondria, respectively, while IDH3 is NAD + dependent and plays a major role in the TCA cycle (Dalziel, 1980) . Gain-of-function mutations of IDH1 or IDH2 have been identified in gliomas, acute myeloid leukemia, cholangiocarcinoma and chondrosarcoma (Borger et al., 2012; Caramazza et al., 2010; Dang et al., 2010; Mardis et al., 2009; Rakheja et al., 2012; Yan et al., 2009 ). These heterozygous mutations convert αKG to (R)-2-hydroxyglutarate (2HG), sometimes causing rapid depletion of αKG and always causing millimolar level accumulation of 2HG (Dang et al., 2009; Losman and Kaelin, 2013) . Although GDH mutations causing decreased αKG production have not been reported, glutamine, the precursor of αKG, has been found to be depleted in the core region compared to the periphery of solid tumors (Reid et al., 2013) .
Due to its essential role in DNA and histone demethylase activity, a loss in αKG levels may have profound effects on the epigenetic state of the cell, and results in a variety of physiological consequences. A CpG island hypermethylation is a phenotypic feature in IDH-driven gliomas, leukemias, and chondrosarcomas (Figueroa et al., 2010; Lu et al., , 2013 Turcan et al., 2012) . Studies by Noushmehr et al. reveal that a subset of glioma patients display a hypermethylated DNA phenotype that is highly associated with IDH1 mutations (Noushmehr et al., 2010) . Ectopic expression of IDH1 and IDH2 mutants is sufficient to drive DNA hypermethylation via disruption of TET2 activity (Fig. 3 ) (Figueroa et al., 2010) . Similarly, introduction of mutant IDH1 and IDH2 leads to hypermethylation of histone residues, particularly on H3K9 and H3K27 . Interestingly, 2HG can cause histone methylation via inhibition of histone demethylase activity, although increasing levels of αKG reduces this effect . 2HG has been demonstrated to be a weak antagonist of αKG, and the combination of 2HG production and loss of αKG is required to induce histone and DNA hypermethylation (Xu et al., 2011) . αKG-mediated histone and DNA demethylation has recently been shown to be critical for the maintenance of mouse embryonic stem cell pluripotency. Exogenous αKG decreases DNA methylation and histone methylation at H3K9 and H3K27, increases stem cell self-renewal, but suppresses cell differentiation (Carey et al., 2015) . Conversely, ectopic expression of mutant IDH2 in 3T3-L1 preadipocytes results in αKG depletion and histone hypermethylation, and subsequent prevention of cell differentiation . Moreover, in acute myeloid leukemia patient-derived cells, mutant IDH2 promotes de-differentiation, and chemical inhibitors specific for mutant IDH2 cause cell differentiation and increase their sensitivity to established chemotherapeutics . Similarly, inhibition of mutant IDH1 reduces cell growth, H3K9 hypermethylation, and promoted differentiation of glioma cells (Rohle et al., 2013) . There are clear differences in the αKG-dependent effects between naïve embryonic stem cells and partially or terminally differentiated cells; therefore, further studies are required to delineate the downstream effectors of cell fate in different physiological contexts.
Besides 2HG, other metabolites reportedly inhibit demethylase activity. Recent evidence has demonstrated that succinate and fumarate can accumulate in high millimolar amounts due to loss-of-function mutations in genes coding for succinate dehydrogenase (SDH) and fumarate hydratase (FH) (Pollard et al., 2005) . Tumors carrying these mutations share common characteristic features such as global DNA hypermethylation (Killian et al., 2013; Letouze et al., 2013; Xiao et al., 2012) . Addition of succinate and fumarate is sufficient to inhibit the activity of αKG-dependent histone demethylase KDM4A, resulting in increased histone methylation, and knockdown of FH and SDH prevents TET1 and TET2-mediated DNA demethylation (Xiao et al., 2012) . Fumarate has also been reported to inhibit JMJC-family histone demethylase KDM2B causing H3K36 hypermethylation, which promotes DNA double strand break repair (Jiang et al., 2015) . Thus, it will be interesting to examine whether patients harboring FH mutations have less of a response to DNA-damaging therapeutics and whether supplementation with αKG may sensitize these tumors to treatment.
Histone acetylation and metabolites acetyl-CoA and NAD

+
Histone acetylation is a dynamic and reversible process that involves the transfer of the acetyl groups from acetylCoA to the lysine residues, with half-life as short as~2-3 min Waterborg, 2002; Zheng et al., 2013) . As acetylation removes positive charges of the lysine residues, it decreases the affinity between histones and DNA, and is considered a positive marker promoting gene expression Yun et al., 2012) . The reaction is driven by the compartmental abundance of acetyl-CoA and histone acetyltransferases (HATs). In the mitochondria, which contain high levels of acetyl-CoA (estimated to be 0.1-1.5 mM) and high pH, non-enzymatic acetylation may take place, accounting for substantial amounts of mitochondrial protein acetylation Wagner and Payne, 2013) . However, in the other cellular compartments where acetyl-CoA is lower, acetylation relies on HATs that have been divided into subfamilies: GCN5, MYST, and p300/CBP (Lu and Thompson, 2012; Yun et al., 2012) . Several somatic mutations carried by HATs have been identified in human cancer (Dawson and Kouzarides, 2012) . The acetyl groups from lysine residues can be removed by the histone deacetylases (HDACs) (Lu and Thompson, 2012) . HDACs are divided into classical HDACs (class I, II, or IV) that are Zn 2+ -and NAD + -dependent sirtuins (class III HDAC). Some evidence has shown that histone deacetylation is accelerated under low cellular pH, releasing the acetate anions to the extracellular environment to maintain the intracellular pH level (McBrian et al., 2013) . This is intriguing as the Warburg effect, a common phenotype observed in cancer cells, leads to an acidic environment that may disrupt tissue architecture (Liberti and Locasale, 2016) .
Compelling evidence support a physiological regulatory role for acetyl-CoA in histone acetylation (Cai et al., 2011; Cluntun et al., 2015; Henry et al., 2015; Takahashi et al., 2006; Wellen et al., 2009) expression, and thereby affect cell growth (Cai et al., 2011) . In mammals, cell metabolism has been linked to histone acetylation by ACLY (ATP-citrate lyase), an enzyme that converts citrate into acetyl-CoA (Wellen et al., 2009) . In fact, various HATs have Km values that fall within the range of estimated intracellular concentrations of acetyl-CoA (Cai et al., 2011; Langer et al., 2002) . Some HATs are inhibited by the product CoA; therefore, the ratio of acetyl-CoA:CoA may function as the physiological regulator of acetylation (Albaugh et al., 2011; Lee et al., 2014) . In mammals, the nucleo-cytoplasmic acetyl-CoA is derived from citrate or acetate by ACLY and acyl-CoA synthetase short-chain family member 2 (ACSS2) (Wellen and Thompson, 2012) . ACLYdependent acetyl-CoA production is positively regulated by AKT activation, and correlates with the status of histone acetylation in human prostate cancers and gliomas (Lee et al., Fig. 3 . Schematic representation of active vs. inactive histone and DNA demethylases. In the presence of αKG, JMJC-family histone demethylases and TETfamily DNA demethylases remove methyl groups from histone H3 and cytosine, respectively (Top). When αKG is depleted or in the presence of excess 2HG, fumarate, or succinate, histone and DNA demethylase activity is inhibited resulting in broad genomic hypermethylation. 2014). The proto-oncogene MYC also promotes histone acetylation, presumably depending on citrate export from mitochondria and the nucleo-cytoplasmic ACLY activity (Edmunds et al., 2015) . Another link to histone acetylation is the metabolic substrate acetate. ACSS2 catalyzes the conversion of acetate to acetyl-CoA. Expression of ACSS2 correlates with acetate uptake in tumors, whereas deletion of ACSS2 reduces tumor burden in mouse models (Comerford et al., 2014; Mashimo et al., 2014; Schug et al., 2015) . In humans, the overexpression of ACSS2 is found in a wide range of cancers and correlates with survival in triplenegative breast cancer patients (Comerford et al., 2014) .
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HDAC activity has been shown to be elevated in several types of cancers (Johnson et al., 2015) . Sirtuins catalyze the deacetylation of histones into nicotinamide and 2′-O-acetyl-ADP-ribose, and this reaction requires NAD + as a cofactor, which may affect sirtuin activity in physiology settings. The role of sirtuins in cancer is still inconclusive, and this might partially be due to their diverse distribution pattern among cellular compartments and tissues (Chalkiadaki and Guarente, 2015) . Variations in the levels of cellular NAD + and/or the NAD + / NADH ratio in response to changing metabolic environments and genetic alterations remain to be fully explored in cancer. Additionally, other Zn 2+ dependent HDACs may also interact with metabolism. A group of metabolites, butyrate and its derivatives, inhibits HDAC enzyme activity (Shimazu et al., 2013) . The physiological significance of this finding is that the ketone body β-hydroxybutyrate, generated under nutrient-limiting conditions such as fasting, in the circulation falls in the range that inhibits HDACs Shimazu et al., 2013 ). An additional line of evidence shows that butyrate, produced through bacterial fermentation, prevents colorectal tumorigenesis, suggesting a direct involvement of the gut microbiome (Donohoe et al., 2012 (Donohoe et al., , 2014 .
Concluding remarks and future perspectives
Our understanding of metabolic reprogramming in cancer has grown substantially over the past ten years. In parallel, the possibility of starving cancers by caloric restriction or other nutritional interventions has come into focus (Meynet and Ricci, 2014) . Glutamine, the most abundant free amino acid in human plasma (and tissue culture media), provides a link to epigenetics through demethylation reactions, yet this function in cancer is still being understood, especially as it relates to the tumor microenvironment and corresponding nutrient limitations that exist (Davidson et al., 2016; Hensley et al., 2016) . Acetate and fatty acids as nutritional sources in cancer have only recently been appreciated. Each of these macronutrients provides a source acetyl-CoA, the direct substrate for histone acetylation. Thus, acetyl-coA, as it is centrally positioned in the network of carbon metabolism, provides a gauge for the link between metabolism and chromatin status through reversible histone acetylation.
In the SGOC network, the variation of cellular SAM affects epigenetic status via histone and DNA methylation. In comparison to caloric restriction, dietary intervention through limiting the supply of amino acids could be an attractive cancer therapy. As an example, there is evidence that serum methionine levels in healthy individuals fall in the same order as that affecting histone methylation and its variability partially caused by nutritional intake . Other nutrients that feed the methionine cycle such as choline, betaine and their derivatives may also be attractive nutritional targets in cancer therapy. Furthermore, while epidemiological studies have revealed that insufficiency of SGOC-related nutrients such as folate and choline is positively associated with the risk of cancer, supplementing these nutrients are not exactly beneficial as in the case of folate supplementation studies (Kaelin and McKnight, 2013) . Likely a U-shaped relationship exists where either low or high SAM levels will be harmful and thus there exists an optimal amount of these nutrients.
Recent evidence also supports cell metabolism as a key determinant of αKG-dependent demethylase activity. Whether producing 2HG or building up excess succinate and fumarate, tumor cell-selected mutations to key metabolic enzymes such as IDH, SDH, and FH directly inhibit DNA and histone demethylase activity (Fig. 3) . Although 2HG itself can inhibit demethylase activity, the loss of αKG may be even more effective in broad inhibition of histone and DNA demethylase activity and subsequent hypermethylation. Intriguingly, glutamine starvation has been shown to induce histone hypermethylation in mouse ES cells (Carey et al., 2015) . Therefore, it will be interesting to examine the methylation state in glutamine depleted regions of solid tumors and other glutamine deprived environments.
All together, we are only beginning to learn the precise mechanisms of how cellular metabolic state communicates with chromatin to influence epigenetics. Therapeutically, combinations of metabolism-and epigenetics-related therapies are numerous and intriguing in many different contexts. Further development of our understanding will hopefully lead to the precise ways in which metabolism and epigenetics can be targeted in cancer.
